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MaquetteHere, we compare two approaches of protein design. A computational approach was used in the design of the
coiled-coil iron-sulfur protein, CCIS, as a four helix bundle binding an iron-sulfur cluster within its hydrophobic
core. An empirical approach was used for designing the redox-chain maquette, RCM as a four-helix bundle as-
sembling iron-sulfur clusters within loops and one heme in themiddle of its hydrophobic core.We demonstrate
that both ways of design yielded the desired proteins in terms of secondary structure and cofactors assembly.
Both approaches, however, still have much to improve in predicting conformational changes in the presence
of bound cofactors, controlling oligomerization tendency and stabilizing the bound iron-sulfur clusters in the re-
duced state. Lessons from both ways of design and future directions of development are discussed. This article
is part of a Special Issue entitled: Photosynthesis Research for Sustainability: from Natural to Artiﬁcial.
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The growing human population increases global energy demands,
while fossil fuel supplies are rapidly depleting. It is now commonly ac-
cepted, that improvement of photosynthesis yield or even bioengineer-
ing, and rearranging known photosynthetic pathways may enable the
use and storage of solar energy in more efﬁcient ways. Artiﬁcial biomi-
metic and bioinspired devicesmaybe used to provide alternative energy
sources. Understanding and, to a greater extent, engineering of photo-
synthesis, calls for new types of proteins that may be provided by de
novo design methods.
Empirical design is the earliest method, and was ﬁrst applied to
create and optimize heme binding proteins [1]. This led to the so-
called protein maquette: a well deﬁned, robust protein, with speciﬁc
functionality. As protein stability is a factor of great importance, the
α-helix was the structure of choice. Amino acid sequences approxi-
mated by heptad repeats combined with binary patterning of polar
and nonpolar amino acids, resulted in water soluble helical bundles
[2]. Functionalization of the maquette may be achieved in severalB, 5,5'-dithiobis-(2-nitrobenzoic
hesis Research for Sustainability:
48 22 843 09 26.
l rights reserved.ways; one of the widely studied is heme binding by two histidine res-
idues in the hydrophobic core of the bundle. Detailed research en-
abled ﬁnding several factors inﬂuencing the afﬁnity, heme redox
properties, and binding stoichiometry. The same proteins or their de-
rivatives bind also other porphyrins and chlorins [3]. Several designed
proteins served as scaffold for metal binding, e.g. single or di-atomic
binding sites for iron [4,5], zinc [6] or cobalt [7,8] as well as more
complicated iron-sulfur clusters [9–11].
The second approach is computational design that, in general, re-
lies on several algorithms optimizing structure for minimal global en-
ergy [12]. Using the computational power of computer clusters, one
can generate libraries of structures within selected constraints and
estimate their potential usefulness [13]. Some constraints can be for-
mulated a priori, such as the introduction of [4Fe-4S] binding site in
CCIS [14]. However, more random simulations may scan a wider
probability space. In such a case, structures may be evaluated a pos-
teriori, e.g., for presence of speciﬁc enzymatic activity [15].
The computational method enables designing new binding sites
within existing proteins [4], protein-protein interfaces [16], and non
natural folds [17], modeling receptors for novel ligands [18], and cre-
ating enzymes within new scaffolds [15,19], catalyzing reactions that
do not exist in nature [20,21]. Computational design is especially
powerful in combination with directed evolution [22], when new
functionality can be easily tested, and selected variants subjected to
a second round of design and optimization.
Not withstanding the successful examples listed above, protein de
novo design has many challenges. The ﬁrst on the list is the prediction
1257J. Grzyb et al. / Biochimica et Biophysica Acta 1817 (2012) 1256–1262of protein dynamics and structural changes due to ligand binding. As
a result, new designs often do not perform exactly as intended. De-
signing β structures is still more complicated than that of α-helices.
Another serious challenge is accounting for electrostatic interactions,
which may strongly determine structure stability, and may lead to
oligomerisation or domain swapping. Designing loops, which partial-
ly determine structure stability, but may contain functional elements,
is yet another difﬁcult challenge [23].
Here we compare the design of two iron-sulfur cluster proteins;
one using a computational strategy, and the other based on empirical
knowledge. These types of proteins are of special interest in under-
standing photosynthesis [24] and mitochondrial oxidation [25], as
well as in biotechnological processes, such as bio-hydrogen produc-
tion by hydrogenases [26,27]. These proteins may also be used to im-
prove or control photosynthesis in vivo or as a part of stand-alone
systems. The coiled-coil iron sulfur cluster protein (CCIS) was
designed by a computational method as a novel fold without natural
analogs. This protein is a four-helix bundle that binds a four-iron
four-sulfur [4Fe-4S] cluster in the middle of its hydrophobic core,
while in natural proteins iron-sulfur clusters are coordinated by resi-
dues (mostly cysteines) generally from β-sheets and loops. The redox
chain maquette (RCM) design was based on a wide range of experi-
mental data, and lessons learned from previously published protein
designs. The RCM fold is also a single-chain four-helix bundle, but
with a hydrophobic core for binding one porphyrin ligand, and iron-
sulfur cluster binding sites in connecting loops. The ﬁrst CCIS proto-
type, CCIS1, was reported previously [14]. Here, we examine CCIS1
and several new variants of it designed in order to improve iron-
sulfur cluster stability, as well as the ﬁrst two prototypes of RCM.
The study of their assembly with cofactors and its effect on the elec-
tronic properties of bound cofactors, the lessons in designing func-
tional, cofactor-binding proteins, and their implementation in the
next generation of CCIS and RCM proteins are discussed here.
2. Materials and methods
2.1. Empirical design of Redox-Chain Maquettes (RCM)
The design of the RCM family aimed at three protein structural
features:
1. A single chain bundle of four amphiphilic helices
2. A binding site for heme or other porphyrin derivatives in the mid-
dle of the bundle's hydrophobic interior
3. Assembly of [4Fe-4S] clusters in the loops connecting the helical
domains
In order to confer these structural features on a protein sequence,
we followed a set of empirical rules. Helix propensities of amino
acids, including different variants of sequence and residues neighbor-
hoods (see e.g. [28,29]) enable reasonable predictions of helix stabil-
ities. The behavior of amphiphilic helices in aqueous solution is also
predictable and determined by a binary pattern of hydrophobic and
hydrophilic residues [2]. Additionally, charged residues were placed
in patches on opposite helices in order to stabilize their desired orienta-
tion. Heme or porphyrin binding is introduced by placing of two histi-
dines in two parallel helices facing the bundle's hydrophobic core and
providing axial ligands to the heme/prophyrin central metal (Fig. 1a).
Following Ghirlanda et al. [30] small residues (glycines) were placed
on the respective side of the two helices that do not carry histidines in
order to provide enough space for the porphyrin ring. For iron-sulfur
cluster binding, two types of loop topologies were introduced: An
asymmetric loop containing the CxxCxxCxxxxC motif that is based on
the [4Fe-4S] binding site from bacterial ferredoxin [31,11], and a sym-
metric two-loop topology inspired by the Fx binding site of photosys-
tem I [32] whereby each loop contains half the binding site in a
CxxxxxC motif (Fig. 1a).The electron transport chain of formate reductase, a huge protein
complex containing both heme and [4Fe-4S] clusters inspired the co-
factor assembly in RCM. In order to keep the cofactors within effective
electron tunneling range , the length of the helices was set up to be
not more than 25 Å, which implies an edge-to-edge distance of 6–8
Å between heme and FeS clusters. Additionally, sequence analysis of
formate dehydrogenase from different species revealed a highly con-
served aromatic residue, which orients the heme plane toward the
FeS cluster. For this purpose, we introduced tryptophans at position
16 and 80. The distinct near-UV absorption band of tryptophan is
also a very useful marker for protein tracking during puriﬁcation.
The ﬁnal design (Fig. 1a) was 101 amino acids long with a molecular
weight close to 12 kDa.
Structural modeling using I-tasser (an automated platform, using
multiple-threading alignments [33]), aswell as preliminary experimental
data suggested that the long asymmetric loop may fold into a short α-
helix, which may prevent [4Fe-4S] assembly, and lead to high oligomeri-
zation tendency and low afﬁnity to heme. In order to test this, we created
two RCM variants:
I. RCM1, with Cys residues substituted with Ser within the asym-
metric loop
II. RCM2, with substitution of the whole asymmetric loop by a strict-
ly hydrophylic, ﬂexible GGSGSGG sequence.
2.2. Computational design of Coiled-coil iron-sulfur cluster proteins
(CCIS)
The ﬁrst CCIS prototype, CCIS1 was recently designed using the
ProtCad software [34] using a metal-ﬁrst computational approach
[14]. The design resulted in a completely new fold, without any
known natural analogs, in which the [4Fe-4S] cluster is bound within
the hydrophobic core of an all α-helical coiled coil. Several variants
were designed in order to improve the properties of the ﬁrst proto-
type (Fig. 1b)
a) CCIS1a was designed to increase the stability of the reduced state
of the [4Fe-4S] cluster by improved packing of the bundle. In com-
parison to the original maquette, the buried glutamate (E36) was
substituted by serine, and the tryptophan at the helix interface
(W14) was substituted by alanine. Additionally, the tryptophan
at position 96, the possible place for aggregation, was substituted
by serine. These three mutations were present in all following var-
iants, with the exception of lysine/glutamate instead of serine at
position 96 of CCIS2c/2-d, which provided amino acids of opposite
charges (E-K and E-R pairs) in the 8th and 22nd position of each
helix.
b) CCIS2b carried ﬁve mutations over the helices, which should im-
prove their helix propensity.
CCIS2c and 2-d addressed the problem of preventing oligomeriza-
tion, by changing the net charge of the protein surface.
c) CCIS2c was achieved by substitution of eight selected residues at
the hydrophylic surface of the bundle to basic K or R.
d) CCIS2d addressed charge pairing optimization of the bundle and
was achievedmainly by substitution of the same residues to acidic E.
2.3. Protein expression and puriﬁcation
Genes of RCM and CCIS1 were synthesized by Bio S&T(Montreal,
Canada) and cloned into pet32b (Novagen).Mutationswere introduced
by an insertion-deletion protocol (Finzymes) and conﬁrmed by se-
quencing. Expression and puriﬁcation were done as described in [14].
The only exception was the use of HiTrapS (GE Healthcare) instead of
HiTrap Q columns in the ion exchange step of RCM1 and CCIS2c
puriﬁcation.
Finally, all proteins were desalted to 25 mM Tris/HCl pH 8.0 and
stored in aliquots at -20 °C.
Fig. 1. The templates and results of design: (a) RCM: scheme of desired native RCM structure, Fx place of photosystem I (note symmetry and positions of red-marked cysteinyl res-
idues), bacterial ferredoxin loop with [4Fe-4S] cluster and ﬁnal sequence, together with helical diagram representation (helices colored as follows: brown-histidine, light gray–gly-
cine residues placed to provide enough space for the heme ring, red-acidic, blue-basic, green-polar); (b) Alignment of previously characterized CCIS1 (original) and its variants, as
described in the text. Dots represent residues identical to the template.
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Two protocols were used for iron sulfur assembly, clusters both of
which were carried out under strict anaerobic conditions. The short as-
sembly protocol [14] was performed at room temperature. Degassed
proteins were ﬁrst incubated for about 30 min under anaerobic atmo-
sphere and to assure complete deoxygenation. Protein concentrations
of 50, 200, 1000 μM, were tested. The assembly buffer was 50 mM
Hepes/NaOH, pH 8.0. In addition, Hepes/NaOH, pH 8.5, Hepes/NaOH
+0.5 M NaCl, pH 8.0, and Tris/HCl pH 8.3 with or without 0.5 M NaCl
were tested. DTT was added to the solution, at a molar ratio of 2.1:1
(DTT:molar concentration of cysteine residues). After 30 min, FeCl3
and Na2S were added to the mixture (1.2:1 molar ratio, FeCl3:cysteine).
After 45 min of incubation with gentle stirring, the mixture was passed
through a PD10 desalting column (GE Healthcare), and the colored frac-
tions (red-brown) were collected and examined. Prepacked columns
were kept under anaerobic conditions and equilibrated with the
same buffer for the assembly. Alternatively, columns were packed
anaerobically using the Sephadex G-25 powder and degassed buffer.
The long protocol [35] was carried out at 4 °C, overnight (16-18 h).
Protein solutions (10–40 μM) in buffer (50 mM Tris/HCl pH 8.3)
with added β-mercaptoethanol (4% v/v) were degassed and incubat-
ed with stirring for 30 min, followed by addition of ferric nitrate and
Na2S. After overnight incubation, the solution was concentrated 20
fold using a stirred cell with a 1 kDa cut-off membrane (Millipore),
and passed through a PD10 desalting column that was equilibrated
with a 50 mM Tris/HCl pH 8.3 buffer with 15% glycerol. Red-brown
fractions were collected and analysed.2.5. Heme binding
All RCMs variants were tested for heme binding. Heme solutions
(usually about 1 mM) were prepared in 0.1 mM NaOH and diluted
prior to use to concentrations adequate to protein titration. The con-
centration of heme was determined as described in [36]. The titra-
tions were done manually with a microsyringe. UV-Vis Spectra were
recorded with a Cary50 Bio spectrophotometer.
2.6. Size exclusion chromatography
Proteins were analysed by size exclusion chromatography with a
Superdex 75 5/150 column (GE Healthcare) equilibrated with
50 mM Tris/HCl pH 8.0+0.5 M NaCl. To assure anoxygenic condi-
tions, the buffer was degassed and kept under a stream of nitrogen
during the run, and the column was equilibrated with 3 column vol-
umes of degassed buffer before loading a sample. The elution was
monitored at three wavelengths: 280 nm (protein), 350 nm (iron-
sulfur cluster absorption band, iron bound to protein) and 415 nm
(exclusive indication of iron-sulfur cluster). In heme containing prep-
arations, the 415 nm absorption is also indicative of bound heme and
the 350 nm is a nonspeciﬁc absorption of heme, both bound and un-
bound to protein.
2.7. Circular dichroism
Circular dichroism spectra in the near UV or visible range were
recorded with Jasco J-815 spectropolarimeter. For UV (175–259 nm)
Fig. 2. UV circular dichroism spectra of (a) RCM2 apoprotein, RCM2 assembled with only
with [4Fe-4S] or [4Fe-4S] and heme, (b) CCIS1 apoprotein and CCIS1with [4Fe-4S] cluster,
and (c) apoprotein of CCIS2b and CCIS2b with [4Fe-4S] cluster. Measurements on apopro-
teins were done for a 50 μM protein concentration in 10 mM phosphate buffer, pH 8.0,
using 0.1 mm optical pathlength; assembled proteins were measured in a gas tight cu-
vette, 1 mm optical pathlength. Numbers in brackets represent calculated percentage of
secondary structure elements, helix/sheet+turn/unordered.
Fig. 3. The absorption spectra of assembled CCIS protein variants, normalized to the
number of tryptophans per peptide chain (3 for CCIS1 and 1 for the other variants).
Spectra were measured right after assembly in gas-tight cuvettes.
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er, pH 8.0 and cuvettes of 0.1 or 1 mm optical pathlength were used. For
visible range measurements, 4 mm or 10 mm optical pathlengths were
applied. Contents of secondary structure elements were calculated with
the CDPRO software [37], based on a library of water-soluble proteins.
2.8. Electron paramagnetic resonance (EPR)
Low temperature X band EPR spectra were measured on a Bruker
ELEXSYS 500 spectrometer in 3.4 mm (i.d.) capillary tubes. Tempera-
ture was controlled by a ESR900 cryostat cooled by liquid helium (Ox-
ford Instruments). EPR signals from 2,2-diphenyl-1-picrylhydrazyl
(DPPH) were used as a reference for determining g values
2.9. Chemical modiﬁcation of thiol groups
Thiol groups of the protein were blocked by reversible modiﬁca-
tion with dinitrobenzoic acid (DTNB, Sigma) [38]. Protein solutions
in 50 mM Tris/HCl pH 8.0 were incubated with 10 times molar excess
of dithiotreitol for 15 min in RT, with gentle mixing. DTNB (from a
200 mM stock in the same buffer) was added to reach 30 times
molar excess (compared to the protein) and incubated for 15 min.
After incubation, the modiﬁed proteins were puriﬁed on a HiTrap
desalting column (GE Healthcare) equilibrated with the same buffer.
To conﬁrm the successful modiﬁcation, aliquots of modiﬁed proteins
were reduced again with DTT, and the amount of released yellow
ion of TNB was determined spectrophotometrically.
3. Results
3.1. Secondary structure
The UV-CD spectra of apo- and holo-proteins are shown in Fig. 2. The
spectra of RCM1 (not shown), and RCM2 (Fig. 2a) apoproteins were al-
most identical, typical of α-helical proteins, and very similar to other
known four-helix bundle proteins [30]. The spectra remained essentially
unchanged following heme incorporation, and assembly with [4Fe-4S]
clusters. Blockage of thiol groups, which prevents oligomerization by di-
sulﬁde bridge formation, only slightly increased the random-coil features
(not shown) of the spectrum. Similarly, the CD spectrum of apo-CCIS2b
was typically α-helical with little or no change upon assembly with the
[4Fe-4S] cluster (Fig. 2c). The spectra of CCIS2a, CCIS2c and CCIS2d (not
shown) were similar. In contrast, the CD spectrum of the CCIS1 apopro-
tein was indicative of partially unfolded protein, but after [4Fe-4S] as-
sembly, the α-helical character of the spectrum increased signiﬁcantly
(Fig. 2b). In comparison to CCIS1, the CD spectrum of CCIS1a indicated
a large amount of unstructured peptide (not shown).
3.2. Cofactors assembly
Our previous study [14] demonstrated the incorporation of a
[4Fe-4S] cluster into the hydrophobic interior of CCIS1. Similarly,
the holoprotein UV–VIS spectra of all newly designed CCIS variants
featured the typical iron-sulfur cluster signature – a broad band at
400–415 nm, and a shoulder at about 350 nm (Fig. 3). The ratio of
absorbance at 415 nm to 280 nm is indicative of the yield of assem-
bly. It varied slightly between repetitions, but usually was about 0.5
in CCIS2b, 0.35 in CCIS2a, CCIS2c, and CCIS2d, and lower than 0.2 in
CCIS1a. The absorbance ratio in CCIS1 was 0.2 but CCIS1 has three
tryptophan residues whereas the other variants have only one.
Thus, the assembly yields of CCIS1 and CCIS2b are comparable,
whereas CCIS2a, CCIS2c and CCIS2d have slightly lower yields, and
CCIS1a has the lowest yield. The assembly yields were similar in
both the long and short reconstitution protocols.
In RCM1 and RCM2, the short reconstitution protocol was efﬁ-
cient, yielding the same typical [4Fe-4S] absorption spectrum forboth proteins (Fig. 4a). The 415 to 280 nm absorbance ratio was close
to 0.5, and the extinction coefﬁcient at 415 nm was found to be
21750 M-1 cm-1, which is in the range expected for natural [4Fe-4S]
cluster proteins (16000–23000 M-1 cm-1 [39]). Titration of these holo-
proteins with heme resulted in the expected binding curve reﬂecting
a 1:1 heme:protein stoichiometry. The heme dissociation constant
(Kd) was found to be 10.3 ± 0.16 μM by ﬁtting the curve with an
Fig. 4. Titration of heme into RCM2-[4Fe-4S] (a) and assembly of [4Fe-4S] into RCM2
with previously bound heme (b). Panel (a) presents UV–VIS absorption spectra of sev-
eral titration steps using the heme-free RCM2-[4Fe-4S] spectrum for baseline correc-
tion; insets – uncorrected spectra and the 412 nm vs 380 nm absorption difference
trace. Panel (b) presents UV–VIS absorption spectra of RCM2 assembled with [4Fe-
4S] cluster only (black), and with both [4Fe-4S] cluster and heme (red). Changes in
FeS- heme reconstitution after ditionite addition are in green. The asterisk marks the
absorption of dithionite, inset – zoom into the heme Q band region at 450–650 nm.
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[4Fe-4S] cluster protein spectrum from the spectra of the proceeding ti-
tration steps yielded typical cytochrome b-type heme-protein absorption
spectra with an absorption maximum at 414 nm (Fig. 4a). This implies
that heme binding does not affect the bound iron-sulfur cluster. Further-
more, it was possible to follow heme binding with iron-sulfur cluster re-
constitution into RCM proteins. The heme absorption peak at 414 nm
was unchanged, and overlappedwith the [4Fe-4S] spectrum (Fig. 4b). Re-
duction of the sample with sodium dithionite decreased the [4Fe-4S] ab-
sorbance and shifted the heme absorbance to 424 nm, and induced a
characteristic change in the heme Q absorption band around 550 nm.
These features are typical of heme and [4Fe-4S] cluster reduction.
Interestingly, when either the RCM1 or RCM2 apoproteins were ti-
trated the absorption peak maximum bound heme started at 424 nm
in the ﬁrst few titration steps, and gradually shifted to 414 nm with
the addition of heme (see supplementary, Fig. S1). This was not ob-
served in proteins that had their SH thiol groups blocked with
DTNB. In the unmodiﬁed proteins, the stoichiometry of binding was
close to 1:1 (heme:protein, Fig. 4), and the heme Kd was found to
be 2.4±0.8 μM, and 0.36±0.2 μM for RCM1, and RCM2, respectively.
These values are quite high and represent low afﬁnity, when com-
pared to other heme binders. However, we found the heme binding
afﬁnity to signiﬁcantly increase in DTNB modiﬁed proteins, up to
0.14±0.03 μM, and 0.23±0.02 μM for RCM1, and RCM2, respectively.
The high standard deviations are most likely related to oligomerisa-
tion tendencies, discussed below.
The EPR spectra of all CCIS variants were indicative of the presence
of a [4Fe-4S] cluster (rhombic shape, characterized by g values of1.90, 1.97 and 2.04). However, the spectra show low intensity and
the signal intensity did not increase linearly with concentration. In
some cases of concentrated samples (0.8-1.2 mM), degradation prod-
ucts of the cluster were evident in the EPRmeasurements. Addition or
removal of glycerol did not improve the signal quality. For RCM2 as-
sembled with an iron-sulfur cluster, the EPR spectrum showed a
[4Fe-4S] signature (not shown). Surprisingly, no signature of heme
was found for the RCM2-[4Fe-4S]-heme assembly. This suggests
that the heme was coupled somehow to the [4Fe-4S] cluster to be-
come EPR silent. The secondary structure was not affected for any of
the holoprotein samples (not shown).
3.3. Oligomerization states
Size exclusion chromatography of apo-RCM1 revealed a mixture
of species dominated by dimers and higher mass oligomers even
under disulﬁde reducing conditions (supplementary Fig. S2). The
minor fraction of apo-RCM1 monomers eluted at a volume corre-
sponding to 18 kDa. In contrast, apo-RCM2 was about 70% monomer-
ic, and converted to 100% monomers after reducing the disulﬁde
bridges with DTT. The monomer fraction eluted at a volume corre-
sponding to 22 kDa. The elution volumes of both RCM1 and RCM2
monomers were higher than expected for globular proteins with the
same molecular weights suggesting that RCM1 and RCM2 had a
rod-like structure.
RCM2 reconstituted with [4Fe-4S] was strictly monomeric
(Fig. 5a), whereas heme binding without [4Fe-4S] incorporation
resulted in purely dimeric proteins (Fig. 5b). In the elution proﬁle of
RCM2 reconstituted with both heme and [4Fe-4S] clusters, both pro-
tein dimers and monomers were present (Fig. 5c). RCM1 reconsti-
tuted with either [4Fe-4S] or heme was a mixture of dimers and
higher oligomers (not shown).
The apoproteins of all CCIS variants except CCIS2d were found to
be monomeric but eluted differently on the size exclusion column
(supplementary Fig. S3). While CCIS1 was eluted, as previously de-
scribed, with an elution volume corresponding to about 18 kDa,
CCIS1a, CCIS2a, CCIS 2b, and CCIS2c had retention volumes corre-
sponding to 24–27 kDa. These differences imply that apo-CCIS1 has
a more globular shape than the other variants. CCIS2d eluted at a vol-
ume corresponding to 36 kDa indicating that the protein formed a
very stable dimer.
The oligomerization state of CCIS holoproteins varied signiﬁcantly
according to the reconstitution protocols. Samples assembled accord-
ing to the short protocol (high protein concentration, assembly at
room temperature for 1 h) were mostly dimeric or oligomeric, where-
as samples assembled according to the long protocol (low protein con-
centration, assembly at 4 °C for 16-24 h) were almost exclusively
monomeric (Fig. 5d). The elution volume of monomeric holoproteins
was exactly the same as the respective apoproteins, suggesting that
assembly did not signiﬁcantly change the shape of the protein.
4. Discusssion
The CCIS and RCM proteins are representative outcomes of two
complementary approaches of protein de novo design that were used
for addressing the highly complicated problem of designing cofactor-
binding proteins. The empirical approach that was used for RCM design
ismore intuitive and relies on combining natural bindingmotifs or their
fragments. In RCM, native-like FeS cluster binding loopswere grafted on
a heme binding four-helix bundle motif that was originally inspired by
natural cytochrome b. The computational approach is not restricted to
natural motifs and should be capable of designing non-natural folds as
in the case of CCIS-type proteins. The designs presented here demon-
strate the advantages and disadvantages of each approach.
Both methods were fairly successful in designing global protein
folds. All CCIS and RCM variants were α-helical as designed. In
Fig. 5. Elution spectra of RCM2-[4Fe-4S], RCM2-heme, RCM2-[4Fe-4S]-heme and
CCIS2b-[4Fe-4S], assembled by short (#) and long (*) protocol. Elution was monitored
simultaneously by three wavelengths – 280 nm, 350 nm and 415 nm.
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helix content of the holoprotein with respect to the apoprotein. This
is a good example of the power of the computational design algo-
rithm to account for spatial constraints imposed by the [4Fe-4S]
cubane on stabilizing the helical structure. In contrast, the empirical
design failed to account for the constraints imposed by grafting both
types of [4Fe-4S]-binding loops onto a single four-helix bundle al-
though each loop was successfully attached to different four-helix
bundles [11,9].
Attempts to improve the computational design of CCIS by intuitive
modiﬁcations of the protein's sequence that will, for example, increase
helix propensity, and reduce charge pairing had very limited success.
For most designs, the helix stability of the apoprotein improved, but
the main aim, which was to increase the [4Fe-4S] cluster stability over
redox cycling, was not reached. The computationally designed se-
quence of CCIS1 has been optimized by protCAD's computational algo-
rithms. Based on these lessons, we postulate that the design can be
improved only by changing the backbone scaffold.We are currently ex-
ploring a right-handed coiled coil based on an undecad repeat pattern
as an alternative to the left-handed heptad repeat scaffold of CCIS1.
The modularity and simplicity of the empirical approach worked
well for improving the design of RCM1. The shortcoming of RCM1
was its high oligomerization tendency. A posteriori modeling,however, allowed identifying the asymmetric loop as a problematic
point of the structure. Shortening of the loop yielded the RCM2 design
which stabilized the apoprotein in a monomeric state, but did not
prevent dimerization upon heme binding. This is yet another demon-
stration of the complexity of designing cofactor-protein complexes.
Simple binary patterning of the bundle is not sufﬁcient. Issues like op-
posing charges on adjacent helices which should work as stabilizers,
and the conformational changes induced by ligand binding may re-
quire a higher level of computational design with molecular dynamics
simulations included.
In conclusion, both applied approaches of protein design have
strong and weak points. Both methods enable good predictions of
protein structures, but control of ligand behavior is still problematic,
as well as controlling the protein's oligomerization state. Computa-
tional design is more powerful, being able to reach non-natural
folds. Experimental design, however, with a dose of luck and a good
physicochemical intuition, may allow creation of systems, which are
still out of reach for computational methods, such as mixed cofactors
redox chains. Computational methods are developing very fast, and
without doubt, in a short time such problems could be also solved.
Nonetheless, even very fast and powerful processors need starting
points and guidelines, which still rely on examples from natural
structural motifs.
Designing new proteins is still a very challenging process, al-
though this ﬁeld has already featured spectacular successes, such as
non-natural folds and enzymes catalyzing reactions not known in na-
ture [20,21].
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